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On the Quasi-Periodic Nature of Magnetopause 
Flux Transfer Events 
M. LOCKWOOD • AND M. N. WILD 
World Data Centre C1 for Solar-Terrestrial Physics, Rutherford Appleton Laboratory, Chilton, Didcot, UK 
The recurrence rate of flux transfer events (FTEs) observed near the dayside magnetopause is discussed. A
survey of magnetopause observations by the ISEE satellites hows that the distribution of the intervals between 
FTE signatures has a mode value of 3 min, but is highly skewed, having upper and lower decile values of 1.5 
min and 18.5 min, respectively. The mean value is found to be 8 min, consistent with previous surveys of 
magnetopause data. The recurrence of quasi-periodic events in the dayside auroral ionosphere is frequently used 
as evidence for an association with magnetopause FTEs, and the distribution of their repetition intervals should 
be matched to that presented here if such an association is to be confirmed. A survey of 1 year's 15-s data on 
the interplanetary magnetic field (IMF) suggests that the derived distribution could arise from fluctuations in the 
IMF B z component, rather than from a natural oscillation frequency of the magnetosphere-ionosphere system. 
1. INTRODUCTION 
Flux transfer events (FTEs) are characteristic signatures in the 
magnetic field observed by satellites close to the dayside 
magnetopause. They were discovered in data from satellites close 
to the magnetopause by Russell and Elphic [1978, 1979] and, 
independently, by Haerendel et al. [1978]. Subsequently there 
have been a large number of case studies of these events 
[Paschmann et al., 1982; Saunders, 1983; Farrugia et al., 1987a, 
1987b, 1988] and statistical surveys of their occurrence [Berchem 
and Russell, 1984; Rijnbeek et al., 1984; Daly et al., 1984; 
Southwood et al., 1986; Elphic, 1990; Lockwood, 1991]. 
There are several theoretical models aimed at explaining 
•nagnetopause FTE signatures, and Figure 1 shows arguably the 
most successful of those proposed to date, particularly in terms of 
explaining possible ground-based signatures (see review by 
Lockwood et al. [1990a]). This model is based on a suggestion by 
Salmders [1983] and Biernat et al. [1987]. Similar conclusions 
have resulted from a variety of subsequent work: Southwood et al. 
[1988] presented conceptual modelling; Scholer [1988] obtained 
si•nilar esults by 2-dimensional MHD numerical simulations; and 
Seinenov et al. [1992] have presented an analytic derivation. All 
these studies invoke temporal variations in the reconnection rate, 
but not necessarily at a short (-1 RE) neutral line, as described 
by Russell and Elphic and a large number of subsequent s udies. 
In order to understand this model, we note that all the evidence 
1984]. This reconnection converts closed field lines (such as that 
labeled c) to open field lines which thread the magnetopause 
(such as o). The time-dependent reconnection models predict that 
a variation in the reconnection rate produces a pair of "bubbles" 
of mixed magnetospheric and magnetosheath plasma. These are 
threaded by loops of the newly opened flux produced by the 
reconnection burst, as shown in Figure 1. The combined effect of 
the field curvature force (the so-called "magnetic tension") and of 
the magnetosheath flow moves these bubbles away from X and 
past spacecraft near the magnetopause (e.g., S 1 and S2), causing 
the observed component of the magnetic field normal to the 
magnetopause, B,, to vary. For the event shown in the northern 
hemisphere in Figure 1, this component points first away from, 
and then toward, the Earth as the bubble passes by. The same 
polarity of bipolar signature in B n is seen by spacecraft S1 in the 
magnetosheath as by S2, on the other side of the magnetopause, 
i.e., within the magnetosphere [Farrugia et al., 1987a,b; 
Lockwood, 1991]. Statistical surveys have shown that FTEs are 
observed almost exclusively when the IMF points southward, as 
measured in the undisturbed solar wind outside the bow shock by 
a satellite such as S3 in Figure 1 [Berchem and Russell, 1984], 
and are mainly, but not exclusively, observed when the exterior 
magnetosheath field points southward [Rijnbeek et al., 1984]. It 
should be noted that Berchem and Russell and Rijnbeek et al. also 
employed different classification schemes to identify FTEs. 
Rijnbeek et al. [1984] reported the number of FTEs observed 
indicates that reconnection usually takes place quite close to the ß by the ISEE satellites during the intervals between the 
equatorial magnetopause (at the neutral ine X in Figure 1) when 
the interplanetary magnetic field (IMF) has a southward 
component. This evidence includes the resulting accelerated flows 
at the magnetopause [e.g., Gosling et al., 1990], the sense of the 
rotational field discontinuities defined by the "stress-balance t st" 
[Pasclunann, 1984], and the inferred source of the FTE signatures 
[Berchem and Russell, 1984; Rijnbeek et al., 1984, Daly et al., 
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magnetopause crossing and the FTE furthest away from the 
boundary in the time series of the data. These intervals were 
typically of 30 min duration, and Rijnbeek et al. found that, on 
average, FTEs repea•ed atintervals of 7-9 min. Subsequently, his 
result has often been interpreted as showing that FTEs are a 
quasi-periodic phenomenon, with a mean period of about 8 min. 
It is the purpose of this paper to discuss this interpretation (which, 
incidentally, Rijnbeek et al. did not themselves adopt). 
Recently, there has been much interest in identifying the 
signature of FTEs in the ionosphere [see Southwood, 1987; 
Cowley et al., 1991]. One class of event, termed "dayside auroral 
breakup", is a particularly strong candidate [Sandholt et al., 1989]. 
These events are observed using optical instruments in the midday 
auroral region (point I in figure 1) and are associated with bursts 
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Fig. 1. Schematic illustration of the Southwood et al./Scholer model of 
the production of magnetopause FTEs, as observed by satellites close to 
the magnetopause, ither in the magnetosphere (such as S2) or in the 
magnetosheath (S1). S3 marks a typical location of an IMF monitor, X is 
the position of the reconnection X line in the dayside magnetopause, and 
I is the ionospheric footprim of the newly opened field lines. 
of plasma flow, as observed using the European Incoherent 
Scatter (EISCAT) radar [Lockwood et al., 1989]. The patterns of 
motion and plasma flow associated with these events are 
consistent with them being regions of newly opened flux. This is 
strong and direct evidence that they are indeed produced by bursts 
of magnetopause r connection, as invoked by the time-dependent 
reconnection model to explain magnetopause FTE signatures. 
However, the optical observations of the noon aurora can only be 
made, in the northern hemisphere at least, from the Svalbard 
islands for a few weeks around winter solstice. In addition, clear 
skies, new moon, southward IMF, and simultaneous radar 
observations are required. In only one experiment has it been 
possible to observe these ionospheric signatures in association 
with magnetopause FTEs [Elphic et al., 1990] and the statistics on 
the occurrence of these events is, as yet, limited. 
A limitation of the magnetopause observations i that we cannot 
determine the event dimension along the magnetopause, in the 
direction perpendicular to the event motion. However, this can be 
done from ground-based imaging and radar systems: because the 
ionospheric magnetic field (Bi) is effectively constant, it follows 
that if we can estimate the area of the region of newly 
reconnected field lines in the ionosphere (Ai.), we know the 
magnetic flux reconnected uring the event (F = B i Ai. ). Hence, if 
we can define the ionospheric signatures, we can evaluate the 
contribution of FTEs (F/c, where 'c is the event repetition period) 
to the average dayside reconnection voltage and to the consequent 
transfer of mass, energy, and momentum from the solar wind to 
the magnetosphere. Initial studies of this type indicate that bursts 
of enhanced reconnection (i.e., FTEs) can be major, and possibly 
the dominant, mechanism of this solar wind-magnetosphere 
coupling [Lockwood et al., 1990a, b]. 
In the absence of sufficient combined ionospheric and 
magnetopause observations, a method often used in attempts to 
identify ionospheric phenomena which may be associated with 
magnetopause FTE signatures, is to search for quasi-periodic 
events during southward IMF, with a mean repetition period close 
to that for the magnetopause signatures [e.g., Lockwood et al., 
1989]. However, Rijnbeek et al. only quoted the average number 
of leTEs in certain periods for a selected data set. Inspection of 
various examples in the literature (cited above) shows 
magnetopause signatures classified as FTEs repeat with a range 
of periods, not just the average of 8 min. Hence it is important o 
know the distribution of the intervals between magnetopause 
FTEs, to allow comparison with the corresponding distribution for 
any one type of ionospheric signature, if an association is to be 
confirmed. This paper studies that distribution for a selected set 
of magnetopause FTE signatures observed by the ISEE spacecraft. 
It remains unclear if the rate of FTE occurrence reflects a 
natural oscillation period of the magnetosphere-ionosphere syst m 
under the influence of steady interplanetary conditions and/or is 
caused by variations in the solar wind or IMF impinging upon the 
magnetosphere. It is known that the reconnection rate is strongly 
influenced by the magnetic shear across the dayside magnetopause 
and hence by the north-south component (in GSM coordinates) of 
the IMF, B, (see reviews by Cowley [1984] and Reiff and 
Luhmann, [1986]). In this paper, we also investigate the 
variability of the IMF B, component as a possible cause of the 
occurrence of FTEs. 
2. ANALYSIS 
In this paper, we investigate the repetition interval of 
magnetopause FTEs and the variability of the IMF B, component 
using statistical surveys of two data sets. 
2.1. Magnetopause Data 
The magnetopause data employed here were obtained by the 
magnetometers on board the ISEE (International Sun-Earth 
Explorer) I and ISEE 2 spacecraft. These data were accrued in 
the periods October 24, 1977 - January 2, 1978 and July 5, 1978 - 
December 20, 1978 and a pass on September 11, 1979. This is the 
same data set as employed by Rijnbeek et al. [1984] in their 
statistical survey. Typically, the ISEE spacecraft were close 
enough to the magnetopause to observe the FTE signatures for 
periods of 1 hour about each magnetopause crossing. A total of 
172 magnetopause passes are included in this survey, which only 
includes data for magnetic local times of 06-18 hours. 
2.2. IMF Data 
The IMF data were all recorded by the magnetometer on the 
IMP8 spacecraft when in the solar wind, upstream of the Earth's 
bow shock. 
The ISEE data described above were all taken around solar 
maximum, and we wished to compare with IMF data for the same 
phase of the solar cycle. Very few IMF data of 15.339-s 
resolution (the highest obtained by IMP 8) are available to us for 
the periods of the ISEE observations discussed above. However, 
a considerable number of such data are stored in a relational data 
base in the World Data Centre C1 at Rutherford Appleton 
Laboratory for the subsequent solar maximum. We here employ 
IMF data observed in the periods December 26, 1987 to May 31, 
1988, April 8, 1989 to August 28, 1989 and January 1, 1990 to 
February 19, 1990. In total, these periods cover 349 days and 
include 1,266,686 separate 15.339-s IMF observations. This is a 
data availability of 64.5% over the period considered of almost 1 
year. 
2.3. The Distribution of lnter-FTE Intervals 
The magnetopause data were sorted, depending on whether the 
satellite was in the magnetosheath (S1 in Figure 1) or within the 
magnetosphere (S2). The FTEs were defined using the criterion 
employed by Rijnbeek et al. [1984]. However, we lowered the 
arbitrary minimum duration of 1 min employed by Rijnbeek et al. 
to 30 s. This was because we found that this cut off tended to 
eliminate the shorter inter-FTE intervals. This finding is consistent 
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with the survey of ISEE and AMPTE (Active Magnetospheric 
Particle Tracer Exploreres) FTE observations presented by Elphic 
[1990]. Relaxing this limit added 201 short-period FTEs to the 
catalogue of Rijnbeek et al. However, the majority of these extra 
events were observed when the spacecraft were very close to the 
magnetopause and the requirement that successive events were on 
the same side of the boundary means that they do not greatly 
influence the inter-FTE interval statistics. Nevertheless, their 
inclusion allows the study of the shorter FTE intervals. 
The center of an FTE was defined as where the estimated 
boundary normal field passed through zero. This definition means 
that errors are introduced by the normal direction determination: 
however, systematic errors do not influence the inter-FTE interval, 
and random errors should average to zero with sufficient numbers 
of cases. The lengths of the intervals between the centers of 
successive FTE signatures, •:, were then measured. This was done 
for magnetosheath and magnetosphere data sets separately. The 
distribution of •: values was not substantially different for FTEs 
observed within the magnetosphere from that of FTEs observed 
within the magnetosheath, and here we aggregate the two 
together. However, note that treating magnetosheath and 
magnetosphere data separately excludes intervals between an FTE 
being observed on one side of the boundary and a second FTE 
being observed on the other side of the boundary later in the pass. 
This is important because the characteristic FTE signature may 
not be observed if the satellite is very close to the magnetopause 
[Farrugia, 1989] and hence the time between two such events 
could be the sum of several inter-FTE intervals. The failure to 
detect an FTE very close to the boundary is because the time- 
dependent reconnection models predict loops of newly opened 
field lines giving field lines which bulge away from the current 
layer to either side. However, at the center of the current layer, 
the only signature would be the boundary normal field threading 
the magnetopause (which cannot be determined because the 
boundary orientation is not known with sufficient accuracy). The 
signature we should detect at this location is the presence of 
accelerated ion flows, produced as particles cross the rotational 
discontinuity in the field [e.g., Gosling et al., 1990]. However, 
these particles tell us only of the existence of ongoing 
reconnection; they do not tell us about the rate of reconnection. 
Hence the term "quasi-steady" reconnection isoften misused: the 
detection of accelerated flows over a prolonged period tells us 
that there is "quasi-continuous" reconnection, ot that it is steady 
in rate. 
A total of 621 FTEs were identified, which yielded N = 341 
inter-FTE intervals with the spacecraft remaining to one side or 
other of the magnetopause. Of these, 217 were with the satellite 
in the magnetosheath, and 124 were with the satellite in the 
boundary layer, inside the magnetosphere. 
We then evaluated n, the numbers of cases for which •: had 
values in l-rain bins. Figure 2 shows the fraction of the cases 
(n/N) as a function of the inter-FTE interval •: from the ISEE data 
set described above. The mean value of this distribution is <x'> = 
8 min, very similar to the mean recurrence time found by 
Rijnbeek et al. [1984]. However, the distribution is highly skewed, 
with the lower decile being just 1.5 rain and the upper decile 
being 18.5 min. The mode value of the distribution is 3 min. We 
note that this form of distribution is also inherent in the scatter 
plot of a smaller set of FTE signatures presented by Elphic 
[ 1990]. It can be seen that the mean value of the intervals (8 rain) 
is not marked by any significant peak in the distribution. 
Matching the whole of this distribution gives us a potentially 
more stringent test of any putative ionospheric FTE signature than 
just checking that the mean repetition period is 8 min. 
0'15 
0'10 
0'05 
<1; 
I 
10 15 20 25 30 
•:(min) 
Fig. 2. The distribution of inter-FTE intervals from the ISEE 
magnetopause data. The number of cases, n, for each 1-min bin of the 
interval ength, x, is shown, normalized by the total number, N = 341. 
2.4. Variability of the IMF B, Component 
If averaged over several substorm cycles, the dayside 
reconnection rate equals the voltage appearing across the 
ionospheric polar cap, plus only a very small contribution from 
"viscous like" interactions (see discussion by Lockwood and 
Cowley [1992]). Statistical surveys how that this voltage depends 
upon the IMF Bz component, being small when the IMF is 
northward and increasing with increasing magnitude of southward 
IMF (see reviews by Cowley [1984] and Reiff and Luhrnann 
[1986]). Hence the average dayside reconnection rate increases 
with the magnetic shear across the dayside magnetopause and the 
magnitude of the IMF Bz component, when it is negative. This 
average behavior also appears to apply on somewhat shorter time 
scales (about 5 rain), explaining the rapid response of dayside 
ionospheric flows to the appearance of increased magnetic shear 
across the magnetopause [Etemacli et al., 1988; Todd et al., 1988; 
Lockwood et al., 1989; Lockwood and Cowley, 1992]. The FTE 
model demonstrated in figure 1 invokes increases in reconnection 
rate as the cause of magnetopause FTE signatures. The reasons 
for such increases in the reconnection rate are not specified (e.g., 
Scholer [1988] imposes a pulse of anomalous resistivity in his 
simulations, Semenov et al. [1992] impose a pulse of tangential 
electric field). The possibility investigated here is that the 
re. connection rate variations simply reflect variations in the IMF 
B, component. 
As a first attempt o investigate whether the distribution of FTE 
repetition periods might reflect some variability in the IMF, an 
analysis of the distributions of periods when the IMF B, remained 
either above or below certain thresholds was carried out. 
The IMF data were transformed into the GSM coordinate 
system. The periods for which the hourly average of the IMF was 
southward (i.e., <B,> < 0) were selected. This selection was 
carried out because FTEs occur almost exclusively when the mean 
IMF is southward [Berchem and Russell, 1984]: it reduces the 
size of the data set by a factor of almost exactly 2 because the 
distribution of the hourly averages of B, is almost exactly 
symmetrical about zero. The times of all transitions of the IMF 
across a threshold value BzT were then defined in the 15.339-s 
resolution IMP data, i.e., transitions from B, > B,T to B, < B•T 
were identified, as were all the transitions in the reverse direction 
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Fig. 3. (a) The distribution of intervals when the IMF B, is continuously (i.e., 0[ = 1;see t xt) greater than a threshold value 
= -2 nT. (b) The corresponding distribution for periods when B, is less than this threshold. 
across this Bz, threshold. From these transition times, the 
duration f each period when the IMF Bz was greater than this 
threshold was evaluated. Likewise, the durations of periods when 
B, was less than BzT were also evaluated. Theresults presented 
here consider such intervals to be ended by a single 15.339-s 
sample having a value on the other side of the threshold. The 
analysis was repeated with a requirement tha  • successive 
15.339-s samples onthe other side of the threshold were needed 
to terminate an interval, i.e., that (s-I) such samples were not 
considered significant. I  addition to the {z= 1 case presented h re, 
the analysis was repeated for ix=2, ix=3, and {z=4. The results 
were found to be largely independent of •, for the range of 
periods which are of concern here, which isroughly 2-30 min. 
Figure 3a shows the distribution of i terval lengths for which 
the IMF B, was greater than B,T = -2 nT but he hourly average 
of B, was negative. It can be seen that the number of cases, c, in 
each range between t and (t+15.339 s)increases monotonically 
with decreasing period length, t' at all values. No significant 
change in the shape ofthe distribution was found if the threshold 
value, B,,, was altered, but the total numbers of the counts 
differed. Figure 3b shows the corresponding stribution f r
periods when the IMF B, was less than the B,, = -2 nT threshold. 
3. DISCUSSION 
Figure 4 compares the two distributions shown i  Figures 2 and 
3a. In this plot, the number ofinter-FTE intervals, n, for each 
1-min bin is plotted as the solid line. The crosses mark the counts, 
c, for the LMF intervals in 15.339-s windows, divided by an 
arbitrary scaling factor f 3.5, which minimizes thesquares of the 
differences. The scaling factor largely reflects he different total 
intervals of the two data sets. It can be seen that he distributions 
are very similar in form for periods at and above 3 min. The 
possible significance of this is discussed in this ection. 
In comparing these two distributions, a number of factors 
concerning the detection f FTEs must be considered. First, ifthe 
interval between FTEs were too small, the events would not be 
classed as FrEs, even with the shorter duration criterion. Close to 
the magnetopause, extended variations i  the reconnecfion rate 
with periods of less than about 1 min would almost certainly give 
signatures cla sed as "B, activity", rather than as a series of FTE 
signatures withvery small inter-FrE intervals. Two isolated FTEs, 
with a short period between them, could also be classified as a 
single event. Another factor isthat many of the FTEs included in 
100 
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the survey were detected at more than about 1 R•. from the 
magnetopause. In such cases, the satellite does not detect the 
bipolar signature in the boi•ndary normal field Bn because it has 
intersected the loops of newly opened field lines within the FTE 
bubble. However, a bipolar Bn signature is still observed as the 
satellite moves through the regions in which the ambient 
magnetosheath or magnetospheric field is draped over the FTE 
bubble [Farrugia et al., 1987a]. Rapid variations in the 
reconnection rate would give multiple bubble like structures 
which were very close together [Farrugia, 1989], and the 
structure would be increasingly smoothed out with increasing 
distance from the magnetopause. Hence we would not resolve all 
the FTEs, and we should not expect he FTE distribution to reflect 
the very rapid variations in the IMF Bz component. Hence there 
are a number of reasons for the divergence of the two curves at 
low periods, as shown by Figure 4. 
In addition, we note that the very rapid variation in IMF Bz 
may not propagate through the bow shock and across the 
magnetosheath to be reflected in variations of the southward 
magnetosheath field at the nose of the magnetosphere. If the 
magnetosheath does act to filter out the higher frequency 
variations in this way, that too would contribute to the difference 
between the two curves in Figure 4. 
Hence we can state the distributions are, at least, not 
inconsistent with the simple hypothesis that when the IMF B• is 
less than a certain threshold, the reconnection rate is larger and an 
FTE is produced. When B• is greater than this threshold, 
reconnection may cease or may continue, but at a lower and more 
steady rate, and these intervals account for the inter-FTE periods. 
Note, however, that because virtually the same shape distribution 
was obtained for different hresholds (B, x of -4 nT and -6 nT were 
employed as well as the -2 nT shown in Figure 3), this analysis 
does not tell us that there really is such a threshold, nor what 
value it has. 
The distribution of the durations of periods of IMF B• 
consistently less than -2 nT (Figure 3b) shows a very similar form 
to figure 3a. If we take the simple hypothesis that B• below the 
-2 nT threshold produces an FTE, then this distribution should 
reflect the distribution of FTE durations. The results presented by 
Elphic [1990] are consistent with this concept. 
Lastly, we note that in this paper we have only considered the 
distribution of intervals for variations in the Bz component in the 
IMF, because of previous tudies howing the importance of this 
component for the reconnection rate for longer (typically 1-hour) 
time scales [Cowley, 1984, Reiffand Luhmann, 1986]. The B x and 
By components of the IMF show similar distributions. I  addition, 
there are similar spectra of variations in solar wind speed, density, 
and dynamic pressure. Hence the results presented o not prove 
that the reconnection rate is simply modulated by the value of the 
southward component of the IMF. However, the results do 
indicate that FTEs may simply reflect part of a spectrum of 
reconnection rate variations, which could simply reflect changes 
in the interplanetary medium. 
4. CONCLUSIONS 
The distribution of recurrence periods of magnetopause FTEs 
is highly skewed, with a mode value of 3 min, a lower deci!e of 
1.5 min and an upper decile of 18.5 min. There is no signdicant 
peak in the distribution at the average value of 8 min, suggesting 
that FTEs are not really quasi-periodic, but rather they are part of 
a wider spectrum of reconnection rate variations. 
This distribution must be matched to that of any repetitive 
variations in the dayside auroral ionosphere if that phenomenon 
is to be associated with the magnetopause FTE signatures, 
although the various detection methods and thresholds will cause 
differences. 
The shape of the distribution does not suggest hat the 8 min 
average periodicity of FTEs reflects a natural oscillation period of 
the magnetosphere-ionosphere system. Using a simple hypothesis, 
namely that IMF Bz less than a certain threshold causes an FTE, 
and LMF consistently above this threshold results in the inter-FTE 
interval, we see that the statistics of IMF variability are not 
inconsistent with the variations in reconnection rate being caused 
by variations in the IMF B• component. 
This suggestion is very difficult to confirm using simultaneous 
data from the upstream solar wind and at the dayside 
magnetopause, because prediction of the propagation delay from 
the IMF monitor (S3 in Figure 1) to the X line (X), and the 
subsequent travel time of the FTE from the X line to the 
magnetopause satellite (S1 or S2) is open to considerable 
uncertainties. Not least of these is because we do not know 
exactly where the X line is situated. Other uncertainties arise from 
the orientation of the IMF variations in interplanetary space and 
the position of the IMF monitor, the variability of the position of 
the bow shock, and the variation of the plasma speed along the 
magnetopause. Similar, but less severe limitations would afflict a 
similar study using magnetosheath data. The problem in this latter 
case is that the passage of the FTE may locally mask any 
signature in the magnetosheath B L component. 
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